Understanding spinal kinematics is essential for distinguishing between pathological conditions of spine disorders, which ultimately lead to low back pain. It's of high importance to understand how changes in mechanical properties affect the response of the lumbar spine, specifically in an effort to differentiate those associated with disc degeneration from ligamentous changes, allowing for more precise treatment strategies. To do this the goals of this study were twofold: 1) develop and validate a finite element (FE) model of the lumbar spine and 2) systematically alter the properties of the intervertebral disc and ligaments to define respective roles in functional mechanics. A threedimensional non-linear FE model of the lumbar spine (L3-Sacrum) was developed and validated for pure moment bending. Disc degeneration and sequential ligament failure was modeled. Intersegmental range of motion (ROM) and bending stiffness was measured. The prediction of the FE model to moment loading in all three planes of bending showed very good agreement, where global and intersegmental ROM and bending stiffness of the model fell within one standard deviation of the in vitro results. Degeneration decreased ROM for all directions. Stiffness increased for all directions except axial rotation, where it initially increased then decreased for moderate and severe degeneration, respectively. Incremental ligament failure produced increased ROM and decreased stiffness. This effect was much more pronounced for all directions except lateral bending, which is minimally impacted by ligaments. These results indicate that lateral bending may be more apt to detect the subtle changes associated with degeneration, without being masked by associated changes of surrounding stabilizing structures.
Introduction
Low back pain is the most prevalent musculoskeletal impairment in the United States affecting 70-85% of the population annually 1 . The causes of low back pain are often ambiguous and contributing tissues are difficult to discern. Intervertebral disc degeneration and ligament failure has been identified as contributors to low back pain 2, 3 . During clinical examinations, lumbar functional motion is evaluated to determine these mechanisms of pain. It's important to understand how changes in the surrounding soft tissues, such as intervertebral disc (IVD) and ligaments, affect motion characteristics to be able to isolate the specific structure instigating spinal instability 4, 5 .
Flexion/extension has the largest range of motion, and therefore is the most monitored from a clinical perspective 4 . Recent research eluded coronal plane motion may be more sensitive in detecting the subtle changes that occur in response to diminished disc health [6] [7] [8] . Particularly, it is important to understand the changes that are associated with disc degeneration from those that are ligamentous in nature as it will alter the course of treatment. Isolation of the specific underlying pathological tissue may allow for more precise treatment strategies, especially as novel biologics and other treatments are made available for disc and ligament repair.
A finite element (FE) approach allows for the alteration of various parameters to systematically understand the role of each structure and condition on the spine's biomechanical response. Disc degeneration has been the subject of many lumbar FE models [9] [10] [11] , however very few studies have investigated the role of ligamentous pathology or failure 12, 13 . Moreover, these studies only included a single spinal unit, rather than a longer spinal segment. The addition of adjacent segments alters the boundary conditions of the system and may therefore have an impact on the findings. Also, to the author's knowledge, no studies have aimed to define the comparative role between disc and ligamentous health on the mechanical function. It is of high importance to understand how alterations in the mechanical properties of each structure affect the response of the lumbar spine.
The goals of this study were twofold: 1) to develop and validate a three-dimensional nonlinear FE model of the lumbar (L3-Sacrum), and 2) to systematically alter the soft tissue (IVD and ligaments) properties to define each tissue's respective role in range of motion (ROM) and bending stiffness. We hypothesize disc degeneration will cause a decrease in ROM and an increase in stiffness, where progressive ligament failure will result in an increase in ROM and a decrease in stiffness. Furthermore, we hypothesized disc degeneration has a larger impact relative to ligament failure for flexion, extension, and axial rotation compared to lateral bending.
Methods

Development of Finite Element Model
A fresh, frozen human cadaveric spine (male, age 52 yrs.) was obtained from the Mayo Anatomical Bequest program. The specimen was visually and radiographically screened for significant deformity and other anatomic anomalies. The specimen was kept frozen at −20°C until the day prior to imaging. The specimen was thawed to room temperature and kept moist with toweling soaked with saline throughout preparation and scanning. A highresolution computer tomography (CT) scan was obtained on a Siemens Helical CT Scanner (Siemens Corp., Munich, Germany) and reconstructed with a pixel size of 0.293 mm and 0.4 mm slice thickness (Figure 1 ). Vertebral bodies were segmented using an automated thresholding mask for bone using Mimics (v12.3 Materialise, Ann Arbor, MI). Manual segmentation was then performed on each image slice to create a solid mask of the vertebral and all bony features. A threedimensional model was generated based on the masks and surfaces were smoothed for meshing. IVDs were generated using the wrap function in 3-matic (Materialise, Ann Arbor, MI).
The final 3-D geometry is shown in Figure 1 . The Stereolithography (STL) surface model (L3-Sacrum) was exported and generation of the mesh was performed in Hypermesh (v10.0 Altair Engineering, Inc., Troy, MI, USA). With 71,477 elements, the following meshes were created (Table 1 ) and evaluated using ABAQUS (v6.13, Dassault Systèmes, Providence, RI):
Vertebrae-The vertebral body was defined as a cancellous bone core surrounded by a 0.5 mm thick cortical bone shell [14] [15] [16] [17] . Vertebral bodies and pedicles were constructed of 3-D first-order hexahedral elements. Posterior elements were constructed of 3-D second-order tetrahedral elements. The transition elements connecting the posterior tetrahedral elements to the hexahedral pedicle elements were 3-D second-order pyramid elements. Due to the complexity of the sacrum, the mesh was constructed of 3-D second-order tetrahedral elements. The transition elements between the S1 endplate and sacral tetrahedral elements consisted of 3-D second-order pyramid elements.
Vertebral Endplate-The vertebral endplates were defined as a 0.5 mm thick layer of elements on the superior and inferior surfaces of the vertebral bodies 14, 15, 18 . The region connected to the nucleus pulposus (NP) was defined as the cartilaginous endplate, while the region over the annulus fibrosus (AF) was the bony endplate. The endplates were represented by 3-D first-order hexahedral elements.
Intervertebral Disc-Discs was modeled as a composite of a solid matrix with embedded fibers in concentric rings. The NP was surrounded by seven AF lamellae, containing two evenly spaced layers of fibers oriented at approximately ± 30° to the horizontal plane 4, 19 . The fibers were defined using 3-D two-node truss elements. Collagenous fiber content varies from 23% in the outermost layer to 5% in the innermost layer 20, 21 . Thus, the cross-sectional area of the truss elements was determined based on the annular layer volume and the number of elements to satisfy the fiber content distribution. The fiber thickness and stiffness increased in the radial direction (Table 1) . A "no compression" option was defined for the AF such that the elements resist tension only. The solid matrix of the AF was modeled as a neo-Hookean solid, while the NP was linearly elastic.
Facet Joint-The inferior and superior facets were lined with a thin layer of cartilage on the articular surface. This cartilaginous layer was simulated with the "softened contact" parameter in ABAQUS. This contact parameter adjusts force transfer between the nodes exponentially, depending on the initial gap size. An initial gap of 0.1 mm was assumed 22 . Upon closure of the gap, the stiffness of the joint assumed the same stiffness as the surrounding bone 23 . To simulate the frictionless surface of the cartilage, zero friction was applied during surface slippage.
Ligaments-All major ligaments were represented in the intact spine model ( Figure 2 ): anterior longitudinal (ALL), posterior longitudinal (PLL), intertransverse (ITL), ligamentum flavum (LF), interspinous (ISS), supraspinous (SSL), and capsular (CL). The ligaments were modeled with 3-D two node truss elements and assigned nonlinear hypoelastic material properties, which allow axial stiffness to be a function of axial strain (Table 2 ). At initially low strains the ligaments exhibit low stiffness, but as the strains increase the ligament stiffness increases. The cross-sectional areas of each ligament were obtained from literature. All elements representing the ligaments were aligned in the anatomical fiber direction and unstressed at the unloaded state 4 .
Validation
Eighteen osteoligamentous cadaveric lumbar spines (L3-Sacrum) were acquired from the University of Minnesota Bequest Program (age: 53.2 ± 15.5 yr). Disc degeneration grade was assessed via the Pfirrmann scale from T2 weighted MRI 24 . Specimens were embedded in polymethylmethacrylate (PMMA) and tested using a 6-axis Spine Kinetic Simulator (8821 Biopuls, Instron, Norwood, MA) 25 . Pure moments of 7 Nm in flexion/extension, lateral bending, and axial rotation were applied with no axial preload. The inferior portion was unconstrained in the anterior-posterior and lateral directions to minimize shear forces. Input moments and forces were controlled by a 6 degree-of-freedom load cell (AMTI M4380, Watertown, MA). Three cycles of bending were performed sinusoidally (0.015 Hz), and the final cycle was used for analysis. Load and moment data were collected on two sixaxis load cells at 100 Hz. Intersegmental angular displacements were recorded at 100 Hz using a motion analysis 5-camera system (Vicon MX-F40NIR, Vicon Motion Systems, Centennial, CO) capturing a 4-ball infrared reflecting marker set attached to each vertebral body. Anatomical landmarks were digitized and local coordinate systems were established for each vertebral body and Euler angles were computed for each direction of bending in accordance with ISB recommendations 26 . ROM and stiffness were quantified for each functional spinal unit 27 .
Loading and Boundary Condition of Finite Element Model
Loading of the FE model mimicked that of the experimental protocol for direct comparison and validation. Moments of up to 7 Nm were applied to the superior vertebral body (L3), which was allowed to translate in the axial direction. The sacrum was allowed only to linearly translate in the anterior-posterior and lateral directions to minimize inferior shear forces. Displacement of four independent nodes on each vertebral body were recorded and used to establish local coordinate systems for each vertebra and compute range of motion and bending stiffness similar to the experimental protocol.
Pathological Conditions
Intervertebral Disc Degeneration-Discs were included from the entire degeneration spectrum (7 grade 1, 12 grade 2, 17 grade 3, 11 grade 4, 7 grade 5) for the cadaveric validation ( Figure 3) . Healthy was defined as grade 1 and 2; moderate as grade 3, and severe as grade 4 and 5.
In silico degeneration was simulated in three stages as Healthy, Moderate, and Severe corresponding to Pfirrmann grades of 1, 3, and 5, respectively for all levels. Degeneration was modeled only by altering the compressive material properties of the solid matrix for each the AF (neo-Hookean) and NP (linear elastic). The material properties were changed as a function of degeneration severity using published values (Table 3) 10, 23 . ROM and bending stiffness was calculated for each evaluation.
Ligament Failure-To investigate the role of ligamentous pathology, sequential ligament failure -total absence of the structure -was implemented in four stages: Whole Model, Remove SSL/ISL/ITL/LF, Remove FCL, and Remove ALL/PLL (Figure 4 ). The effect of ligament failure was examined for each stage of degeneration, and ROM and bending stiffness was measured.
Validation
Validation of the FE model was performed with cadaveric experimental work. Intersegmental and global mean and standard deviations of ROM and bending stiffness were calculated for the experimental work as well as the FE models 27 . This resulted in the average of 18 cadaveric specimens, having a normal distribution of disc health, and 3 FE models -Healthy, Moderate, and Severe.
Results
Intersegmental (L3-L4, L4-L5, L5-Sacrum) and global (L3-Sacrum) ROM and bending stiffness averaged throughout degeneration showed very good agreement between the FE model outputs and experimental findings for flexion, extension, lateral bending, and axial rotation ( Figure 5 ). Table 4 shows the experimental response to degeneration.
Degeneration resulted in a progressive decrease in modeled ROM for all bending directions, whereas stiffness increased only for flexion, extension, and lateral bending (Table 5) . Compared to the healthy discs, moderate and severe degeneration decreased Flexion ROM 10% and 45%; extension ROM 15% and 57% lateral bending ROM 25% and 68%, respectively. A larger change in stiffness was noted, particularly for lateral bending, displaying a 28% increase from healthy to moderate and 194% increase from healthy to severe degenerative. Whereas flexion and extension -from healthy to severe -only increased 22% and 62%, respectively. Axial rotation stiffness increased initially for moderate degeneration, then decreased when modeled as severely degenerated. Figure 6 displays the L4-L5 level, but these trends were observed for all levels. Healthy to severe intersegmental ROM ranges are as follows (L3-L4, L4-L5, L5-S1): flexion (3.09- Incremental ligament failure produced an increase in ROM and decrease in stiffness. Table 5 displays the percent changes in the biomechanical response from the initial model for the L4-L5 level with moderate degeneration. Healthy and moderate degeneration exhibited similar results to each other. Severe degenerative discs shows the same overall general trend, but the response was less pronounced. Regarding the moderately degenerated discs, flexion was primarily restrained by the FCL, accounting for approximately 80% of the increase in ROM and 60% of the stiffness decreased observed. No change was measured for extension when removing the SSL, ISL, ITL, or LF. A 12.5 % increase in ROM and 25% decrease in stiffness occurred when removing the FCL. Following complete removal of all ligaments, there was a 41% increase in ROM and 45% decrease in stiffness during extension. Lateral bending, however, only experienced small changes in ROM and stiffness after removal of the surrounding ligaments (2% increase in ROM; 2% decrease in stiffness). Axial rotation was affected by all groups of ligament removal. Figure 7 graphically shows the changes associated with ligament failure for all stages of degeneration.
Discussion
A three-dimensional, non-linear FE model of the lumbar spine (L3-Sacrum) was generated with geometry based on a high resolution CT scan of a 52 year-old male cadaver spine. The initial portion of this study focused on the development and validation of a lumbar spine FE model capable of accurately representing the biomechanical responses observed throughout degeneration by comparison with a similar cohort of cadaveric specimens spanning the degeneration spectrum. The prediction of the FE model to moment loading in all three planes of bending showed very good agreement, where global and intersegmental ROM and bending stiffness of the model fell within one standard deviation of the in vitro results.
Three grades of degeneration (healthy, moderate, severe) were modeled by changing the compressive material properties of the NP and surrounding AF in accordance with values obtained in the literature 10, 23 . Worsening degeneration decreased ROM for all directions. The results for flexion, extension, and lateral bending are consistent with findings of our experimental work used for validation 7 . They also compare with previous studies; however these show an increase in ROM for axial rotation 28, 29 . Other studies have shown conflicting ROM reports, including the conventional Kirkaldy-Willis model describing a progressive increase in ROM until restabilization. A majority of the differences can be explained by the method of determining degeneration (MRI, radiographs, and dissection) and inclusion of active musculature 30 . These discrepancies in axial rotation may be due to our model not including facet morphology or degeneration, which has been shown to be associated with disc degeneration impacting axial rotation mechanics 31, 32 . These may also explain the poor agreement between extension ROM between the model and experimental work, where only a slight change was observed experimentally, but a twofold decrease was observed computationally. Bending stiffness increased for flexion, extension, and lateral bending, but decreased for axial rotation. These findings are directly supported by our experimental work 7 . The published literature also substantiates these results, where it is reported that degeneration significantly increases the stiffness of each functional spinal unit for all directions except axial rotation, where it is shown to decrease [33] [34] [35] .
The second portion of the study focused on ligament failure and, as hypothesized, progressive ligament failure caused incremental increased ROM and decreased stiffness response in all bending directions. Though, this relationship was quite muted for the lateral bending direction. Previous studies have investigated the role of ligament failure on a single L4-L5 spinal unit and similarly reported an increase in motion with loss of surrounding stabilizing structures 12, 13 . Each of these studies observed a larger response in the lateral bending direction than reported herein. The inclusion of adjacent segments or differences in loading and boundary conditions may have been the reason these dissimilarities arose. The largest change measured in this study for flexion occurred following the failure of the facet capsular ligament, whereas the removal of the ALL resulted in the largest increase in ROM during extension indicating their respective importance during sagittal plane motion. Interestingly, axial rotation ROM incrementally increased stepwise, whereas the most superficial ligaments (SSL/ISL/ITL/LF) predominately affected stiffness. Lateral bending was the least affected, where only a minor (2%) alteration as observed at the L4-L5 level ( Table 5 ).
Modeling of degeneration altered the mechanical function of the lumbar. Even though flexion-extension provides substantially more motion and is the focus of many clinical exams, alterations due to degeneration were particularly prominent during lateral bending. There was a 68% decrease in ROM and 194% increase in stiffness at the L4-L5 level from healthy to severe degeneration. Of higher importance is the ability to detect early changes of degeneration from a functional standpoint. Lateral bending displayed a higher percent change between healthy and moderate than any other bending direction (Table 5) . Even though flexion-extension is the focus of functional motion as it relates to spinal health, the effects of degeneration are less noticeable. Furthermore, the changes observed in vivo with respect to degeneration are often combined with ligamentous degradation. Lateral bending function has little to no influence from these structures as demonstrated by progressive ligament failure. The importance of lateral bending, and associated changes with spinal health, are often overlooked. Indeed, coronal plane bending has been the focus of several recent publications highlighting its ability in detecting instability and changes associated with degeneration 6 .
As is the case with all in silico studies, there are several limitations that need to be addressed. Simplifications in regard to geometrical structures, in particular the ligaments and components of the disc, may lead to idealized results. Additionally, simplified material properties were utilized, and in future studies more appropriate viscoelastic material properties of the IVD will be included to quantify the neutral zone during cyclical bending activities. The degenerative model did not include decreased disc height, annular tears, ligamentous laxity, osteophytes, or facet deterioration due to software limitations to be addressed in subsequent analyses. This study did not contain a follower load because the experimental set-up used for validation did not permit. Future studies aim to incorporate these advancements and investigate the three-dimensional helical axis patterns, off-axis bending, IVD and facet contact pressures, as well as cartilaginous endplate perturbations when including physiological compressive and shear forces.
A properly generated and validated FE model can be a powerful tool to non-invasively assess a variety of clinical conditions and questions. The present study has developed a robust sophisticated FE model of the lumbar spine (L3-Sacrum) that accurately represents the mechanical output through IVD degeneration. Progressive ligament failure was modeled and mechanical output was compared to degeneration effects, where it was shown that coronal plane motion was sensitive to changes in disc health, but not ligament pathology. These results indicate that lateral bending may be more apt to detect the subtle changes associated with degeneration, without being masked by associated changes of surrounding stabilizing structures. Eighteen cadaveric specimens were included with discs from the entire degeneration spectrum were included (7 grade 1, 12 grade 2, 17 grade 3, 11 grade 4, 7 grade 5). Table 3 Intervertebral Disc Material Properties used in the Finite Element model (AF: Annulus Fibrosus; NP: Nucleus Pulposus). AF was modeled as a neo-Hookean solid and the NP was as linearly elastic. 
